Abstract Solutions under sub-or supercritical conditions receive much attention because of their significance in geology and industrial applications. One of the most important properties is their very low salt solubility, which leads to rapid crystallization. The morphology of sodium chloride crystals formed in supercritical fluids has been shown to be affected by the presence of the high-concentration liquid phase and low-concentration vapor phase [Armellini and Tester, J. Supercritical Fluid 4, 254-264 (1991)]. However, because of the short time scales involved, experimental observation of the underlying mechanism is difficult. In the present study, microsecond-scale molecular dynamics, which provide insight with picosecond resolution, were conducted for the NaCl salt-solution interfacial system at sub-and super-critical conditions. We propose the utilization of the correlation between the number density of ions and water to parameterize the solution phase. This correlation and the two-dimensional number densities provide insight into flash crystallization at the atomic scale. Vapor-liquid phase coexistence was found at high pressure and the diffusive high-concentration liquid phase could transport sodium and chloride ions to form a compact solid phase. In contrast, an isolated crystal forms at low pressure owing to the rapid volume expansion of the vapor phase.
Introduction
Aqueous solutions are ubiquitous and essential to life, biology, chemistry, and geology. Crystallization from aqueous solutions under high pressure and high temperature has received much attention because of the extremely low salt solubility under these conditions, where a phase change can occur leading to flash crystallization [1, 2] . From a geological perspective, this explains the formation of large geological salt systems [3] under high pressure and high temperature conditions (e.g. around oceanic volcanoes in ocean ridges). It is supposed that the solution phase change leads to salt precipitation and an extremely low salinity vent fluid can be found around oceanic volcanoes [4] . For example, it was reported that in the hydrothermal system at the Mid-Atlantic Ridge discharges vent fluid at above 407 C at a water depth of $ 3000 m, decreased salinity in the vent fluid occurs [5] . There are also several deep sea sites where the vent fluid conditions are located near the vapor-liquid phase boundary of water [6] [7] [8] [9] [10] [11] [12] . In addition, such conditions can be found deep in the crust in the earth where subducting seawater interacts with the extremely hot earth mantle [13] . Understanding the properties of seawater under these extreme conditions is critical to revealing the water and salt cycle in the deep sea. Aqueous solutions are also subjected to such extreme conditions in the industrial supercritical water oxidization (SCWO) process. The SCWO process offers important environmental advantages for the treatment of industrial waste and sludges [14] . However, salt precipitation owing to the extremely low solubility can clog the equipment used.
The first visual observations were conducted by Armellini, Tester, and Hong [1, 2] , who rapidly mixed sodium chloride solution with supercritical water to observe flash crystallization at different pressures. The results showed that the crystal morphology varied depending on the pressure, which was explained by the phase behavior of the salt solution. Under higher pressure (250 bar), the vapor-liquid phase is formed before crystallization, leading to the formation of an amorphous-like crystal. In contrast, under lower pressure (200 bar), a porous crystal formed because the salt rapidly crystallized without forming a vapor-liquid phase. However, the kinetics of the mechanism are still unclear owing to the short time scale of the phenomenon. The motivation of our study is to reveal the kinetics of flash crystallization on a short time scale using molecular dynamics (MD) simulations. This technique can probe the dynamics of salt formation on a picosecond time scale.
Methodology
GROMACS (ver. 4.5.4) [15] was used as the MD calculation engine. The SPC/E water model [16, 17] was also used in this study. For the sodium and chloride models, the Joung and Cheathum ionic models [18] were used. The ionic models are compatible with the SPC/E water model and the calculated solubility value is well reproduced under ambient conditions [19, 20] . In addition, the surface charge of a NaCl crystal in solution was shown to be in good agreement with the observations [20] . This indicates that the model describes both ion-ion and ion-water interactions well. The system includes 500 pairs of ions in the solid phase, and 2000 water molecules and 320 pairs of ions in the solution phase, where the solution is supersaturated even under ambient conditions. Initially, both the solid and solution phase were individually equilibrated under ambient conditions. Combining the solid and the solution, we constructed an interfacial simulation system resulting in a 3.0 nm Â 3.0 nm Â 13 nm rectangular box. A periodic boundary condition was used for the three different directions.
The phase diagram of sodium chloride has been studied by several authors [21] [22] [23] [24] . We chose a pressure at which the behavior of the sodium chloride solution is expected to change. The calculation was performed at pressures of 150, 250 and 450 bar. These pressures are below the critical pressure of pure water, between the critical pressure of water and the critical pressure of the vapor-solid region for sodium chloride solutions, and above the critical pressure of the vapor-solid region, respectively [24] (Fig. 1) . Because the phase boundary of the simulation system is unknown, we divided our calculations into two parts. The first calculation consisted of calculations performed with 50 K temperature increments starting from 600 K and using the same initial configuration. The system equilibration can be easily determined from the calculations because the concentration in the solution decreases dramatically when the system reaches equilibration. In this calculation, if a dramatic volume change, which is defined as greater than a 30 % increase from the previous temperature, was observed, we switched to the second calculation. The second calculation is started with a configuration for a temperature of 50 K below the temperature at which dramatic volume change occurs. The calculation at this temperature is run until the ionic concentration of the solution phase converges to a certain value within the last 150 ns. The temperature is then increased in increments of 10 K every 500 ns until a dramatic volume change is observed. The second calculation was run for a maximum 1.2-2.7 ls. This approach enabled us to observe more realistic kinetics of flash crystallization. All calculations were executed with the isobaric and isothermal (NPT) ensemble with a 1 fs time step, where the temperature is controlled by the Nose-Hoover thermostat [25] and the pressure is controlled by the Parrinello-Rahman barostat [26] . Anisotropic scaling was used to control the pressure. Snapshots were prepared by VMD software [27] .
A key to probing the kinetics of flash crystallization is the parameterization of the solution states during the simulation. We propose that the correlation coefficient between the density of water and the density of ions can be used to evaluate the solution state in a short time frame. In a single-phase solution, ions and water are uniformly distributed. Therefore, there is a weak correlation between the two number density maps. However, if the fluid forms a vapor-liquid phase, the high contrast in the density of ions and water will be reflected by high correlation values (Fig. 2) . The mathematical definition is as follows:
where n A i is the number density of the component A in the grid i and n A indicates the average number density of the component in the solution region. In this work we did not construct a three-dimensional number density grid because the system has homogeneity in the x À y plane. The y À z two-dimensional number density was chosen. The twodimensional number density with 1 Å Â 1 Å grid was calculated from the average of 100 frames over 100 ps. The solution area was defined as a zone, which is 2.0 nm away from the initial crystal surface. Unless otherwise provided, the surface zone (i.e., within 2.0 nm from the initial surface) was excluded from the system for the correlation analysis. This method can be applied for a completely heterogeneous system by calculating the threedimensional number density grid. 
150 Bar
As described in Sect. 2, two kinds of simulations were performed to observe the dynamic behavior of flash crystallization. The first started with the same initial configuration with a 50 K temperature step and the second with a 10 K temperature increment every 500 ns. From the first calculation, a dramatic volume change was observed at 700 K, meaning that there was a phase boundary between 650 and 700 K in the system. Therefore, we implemented the second calculation starting from the final configuration of the first calculation at 650 K. The calculated correlation as a function of time is shown in Fig. 3 . Equilibration was observed at around 400 ns in the 650 K calculation, which reflects rapid crystallization in the system, owing to the supersaturated nature in the initial configuration. At 660 K the correlation value fluctuated around 0.1. This can be interpreted as the absence of the vapor-liquid phase in the system, which was also confirmed by the two-dimensional number density maps (Fig. 4) . After the temperature was increased to 670 K, a dramatic change in the correlation was observed, indicating vaporization of the solution. Interestingly, an isolated solid phase formed in the system in a very short time after the formation of the high-correlation condensed phase (Fig. 5) . This reduced the correlation value at the end of the simulation. It is suggested, based on both the correlation and number density maps, that the crystallization at 150 bar occurred on a very short time scale (*20 ns). Rapid crystallization encourages the formation of an isolated crystal.
250 Bar
In the 250 bar case, the dramatic volume change was also observed at 700 K. Therefore, we performed the 10 K increment calculation up to 700 K starting from the final configuration at 650 K. The correlation result is shown in Fig. 6 , in which a gradually increasing correlation can be observed. The number density maps are shown in Fig. 7 . Low-and highdensity areas of water that correlate with the number density of ions can be found. In contrast to the 150 bar calculation, the existence of the high-concentration liquid phase and the low-concentration vapor phase in the solution area contributed to the high correlation values during the simulation. As the temperature was increased, the density contrast became more significant. After the correlation peak around 2200 ns at 690 K, we finally observed the vapor-solid phase from the number density maps, similar to the case at 150 bar. This observation is consistent with the phase diagram of sodium chloride solutions, in which 250 bar is located between the critical pressure of pure water and the critical pressure of the vapor-solid region. Unlike the case of 150 bar, an isolated solid did not form in the system. Because the adsorbed water correlated with the sodium and chloride ion densities at the interface, the correlation did not decrease dramatically. This was confirmed by changing the solution area definition, whereby the correlation values after the peak (*2200 ns) became almost zero (*10 À2 ) after we increased the exclusion area to 4.0 nm from the initial crystal. Because of the higher pressure, the dramatic volume change was found at higher temperature (750 K) in the first calculation than for the two previous pressures. Therefore, we conducted the 10 K temperature step calculation starting from the final configuration at 700 K. The time evolution of the correlation is similar to the case of 250 bar (Fig. 8) . This suggests the existence of a high-concentration liquid phase and low-concentration vapor phase, as was seen for the 250 bar calculation. However, the correlation peak was not observed in this case and the total number of sodium chloride pairs continuously decreased within the vapor-liquid phase. This can be seen from the number density maps shown in Fig. 9 . The number density maps from the last 100 ps show that there was still vapor-liquid phase coexistence, which agrees with the phase diagram of the sodium chloride solution.
Discussion
One of the objectives of this study was the parameterization of the solution states. The correlation can serve as a good indicator of vapor-liquid phase coexistence in the system. This is because the correlation value is expected to be high when the high-concentration liquid phase the low-concentration vapor phase coexist (Fig. 2) . From the analysis, we can determine when the phase change occurs, which helps us to understand the system state in detail.
The simulations with the 10 K temperature step are in moderate agreement with experimental results obtained under conditions where the sodium chloride solution was rapidly mixed with high-temperature and high-pressure water. In the simulations at 150 bar, vaporization of the solution was observed before moving to the high correlation state at 670 K. This vaporization happened within *10 ns and the volume expanded by a factor of more than 100. Because of the rapid volume expansion, sodium and chloride ions could not reach the interface. As a result, an isolated crystal formed in the system. In contrast, at the higher pressures (250 and 450 bar), vapor-liquid phase coexistence occurred. This was confirmed both by the number density maps and by the high correlation values. The highconcentration liquid phase was often in contact with a solid surface in the simulations at 250 and 450 bar before the volume expansion. Although the time scale of volume expansion was *10 ns at all pressures, the diffusive high-concentration liquid phase could transport the ions to the surface with sufficient time before the volume expansion. Therefore, isolated solids hardly form at high pressure. The differences in the crystallization process (i.e. with or without vapor-liquid coexistence) revealed by our simulations are consistent with the explanation of the morphology differences of sodium chloride crystals formed at different pressures after mixing of sodium chloride solutions with hightemperature and high-pressure water [2] . Although it cannot be assessed quantitatively because of the limited space-scale of the MD simulation, the isolated solid found at 150 bar indicates porous morphology of the solid sodium chloride, which has been found experimentally. On the other hand, the compact solid phase formed at 250 and 450 bar corresponds to an amorphous-like crystal [2] . 
Conclusion
We have conducted MD simulations at three different pressures (i.e. 150, 250, and 450 bar). These pressures are below the critical pressure of water, between the critical pressure of pure water and the critical pressure of the vapor-solid region of sodium chloride solution, and above the critical pressure of the vapor-solid region, respectively. Using the correlation between the number density of ions and water, the solution state was well parameterized and enabled us to judge whether there was a two-phase fluid in the system. The correlation and the number density map are different for the three different pressures. They indicate that a two-phase vapor-liquid phase formed as the pressure increased, which agrees with the phase diagram. At the lowest pressure (150 bar), the isolated crystal, which may imply a porous solid, was observed because the vaporization of the solution and the crystallization were very fast. The stability of the vapor-liquid phase affected the crystallization process, and a high-concentration liquid phase could migrate to the solid surface. This agrees well with the experimental observations and also supports the stable formation of a vapor-liquid phase during flash crystallization at high pressure.
